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-. PREFACE

-i

This paper is a review cf the Advanced Fighter Technology
Integration (AFTI) F-Ill research program, designed to test the
feasibility of an advanced wing design called the Mission
Adaptive Wing. A discussion of the Mission Adaptive Wing concept
and test program is included as well as an analysis of future
uses of the unique wing. The document is written in non-
technical terms and is intended to inform readers not familiar
with the AFTI F-ill on the program's accomplishments and
potential for improving aircraft performance.

The paper was prepared in fulfillment of the resear'.h phase of
the curriculum of the Air Command and Staff College, Maxwell AFB,
Alabama. It is also intended as an article for publication and, 4

subject to clearance, will be submitted to Air Force Magazine for
consideration. The format of the manuscript conforms to the
requirements established by the Air Force Magazine editors.

Special thanks is due to Wing Commander Phil Dacre for his
tremendous ability with the English languege and his patience in
editing the manuscript.
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EXECUTIVE SUMMARY A
Part of our College mission is distribution of ;he A
students' problem solving products to DoD

sponsors and other interested agencies to

enhance insight into contemporary, defense
Srelated issues. While the College has accepted this

product as meeting academic requirements for

graduation, the views and opinions expressed or
"implied are solely those of the author and shouldnot be construed as carrying official sanction..•22•"

-'insights into tomorrow"

REPORT NUMBER 88-2050 •

AUTHOR(S) .11001 SCOTT E. PARCKS. USAF

l mi m r 1- P i i.', T R<15 -, ;(• : A l" l W - HIi,
MLJ IT

The body of this report iq intended as a nontechnical overview of

the Advanced Fighter Technology Infegration (AFTI) F-Ill test

program written in a format suitable for publication in Air Force"

magazine. The purpose of the article is to inform a wide audienci

on the test results to daLe and to present potential uses, for the

emerging technology.

The AFrl F-lll is a research program sponsored by the Air Force
Flight Dynamics ]oboratory designed to test a niew wlntT rconcept
called the Mission Adaptive Wing (MAW). This unique wing design
is capable of continuously changing its shape in flignt to

optimize the aircraft's performance for ,* iy fliqlht condition. The
wing is designed by Boeing who also had responsibility for %I
integrating the wing into the pre-production NF-I11 test bed.
This aircraft was used for a previous test program called
Transoniz Aircraft "echnology (TACT) which demonstrated the
performance benefits of a wing shape called the iupercritical
airfoil. This is the basis for the uncambered shape of the MAW. 9
Flight test is a joint responsihblity of NASA Dryden and the Air7--t

Force Flight Test Center with engineerini and piloting
responsibilities shared by both organizations.

vi i i :S



The test program is divided into two phases. The first pliase, the J

manual mode test, was completed in November 198b and met it.,
ob iect ive of proving the MAW's functional capability zi d
aerodynamic ,otential. The second phase, the automatic modes
test, is currently in flight test at Edwaids AFB a'i1 will
demonstrate the ability of these modes to maintain aeloclynamic b

efficiency and operational flexibility without adding to pilot
workload or interfere with other pilot tasks.

5 %.

The wing consists of a fixed center zection with movable leading
and trailing edges, These surfaces are hydraulically driven and
controlled via duel digital computers. Cockpit control is with a -.

control panel and the pilot's control stick.

Potential uses for the MAW include applications for fighter as
well as bomber and transport designs. Benefits for fighters
include improved maneuverability and/or increased sustained and
instantaneous "g". Bombers and transports can achieve improved
fuel consumption which equates to better range and endurance.

The AFTI F-Ill test program is just the first step in proving the
concept of the Mission Adaptive Wing. While there are 1•'

unquestioned performance benefits they will have to be weighed
against the wing's design complexity.
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P.1LOT RFPi!'OTi AFTI F- il11

BY rIAJOR SCOTT1 F. P'ARKS. USAF

V3irds '?re clearly beautiflil and efficient flyiriq i:tachinus. L
often have. obs;erved hawks f lyina above the h i h desert at-
Edwards AE-B. effortlessl ' positicziriig their- wing!% LO H-1 Opt inlUrrn
shape learned, through -.nst1'rvit and experienc.e. Tney ,:oar sinoo-thly
in the summer afternoon thermnals with wi~nqs comfortably forward
only to suddenly dive fur I a n uzisuspectinq tarcaet I:t hiqh speed .
with wings swep.t back. Land ings;, on the ot her harid, r e-qui I e 4h- 79
hawk s wing to be f orward and hiqhly c-uzved ox cambered as they 1
turn into the wi-nd to ac hi ever k the slowest p zý,sib) e approach
speed. Precise ot ol i s achieved by sma) 1 changes in tiý
pos it ion of t he fea thter s locat ed on t he wi ng tiPS.

Aircraft desiqners, having4 less experi ence 4i th fl1ight t han
the Almighty, have been constrained to a fixed wing shap2ý that is
optimum. for only one flight ct-tdition. This means that in~ othcor
fliaht contiitiors the wing i s a compromise which re.4ults in
reduced iange and/or payload. Prior to the jet age, optiimizing
wing shape was not a concern because of limitations in airc~raft
aititudec and airspeeds~. L.iter expansion of the flight enveLope,
with the advent of jet-powered supersonic fiqhters and boribers,
forced designers to recognize the critical need for a variable
shape wing. Hi gh per formnance aircraft naed a winq th it is
efficient at high subsonic and sesolcspeeds and at thte sarnip
tiro Call ke~ep appr wich sp'2eds fon 1,11: 11:. 4 1.tsrab Flapo araý
one annwer to this dilernma .

Flaps have been used for many years to all)ow aircraft to f ly
at lower approa::h speeds oni landing. As aircraft materials 7ýnd
control systems have been improved flar.'s have been automiated and
their use extenided to flight at high speeds ara elevated load
factor . Flaps uised for this purpose are oft en -zaillcd maneiivaring
flaps. A number of cucrent aircraft employ maneuvering flaps

ncung the F-16 arid F-16. Manieuvering flAps, criv.-' designers
come abil ity to improve wing performanc,., tilr olighout: the i 1igltt

envelope.
The Advanced Fighte:- Tec-hnology Integration uAFTi) F-Il1

research progrrni is designced to ilight tes-t a totally new wing
concept called the MiL-sion Adaptive Wing (MAW) . This winga, justL
like the hawk's wing, optimizes its porformance by conLinuou1.1.ly

and smoothly chariging shape in flicght . The AETI F&-l11, figuare 1,
was otle of two programs sponsored by t he P ir Force Flight
Dynamics Laboratory (AFFDL- and NASA; the other pt-ogram being the
AFTI 1-16. 1 had the o~pprt.,iiity t,) he one of the two initial Air
Force tesc pilots toc fly the AIFT I F -lll and was active in the
program from March 1i964 thirouq:-i my d,?parttre? "rom Fdw.31ds AFB3 in
July 1997 . We be~qan a two phase f Ii qhi test prt vqrarn ia. a
ti-e MAW concept in 1985. Phase T, com~pleted i N---veniiber 198G., aiet
its objectives by deter~nirlinLt- thle tes~l'of a MSAW on hiqh
per f or-mncrie a a rcrar t .Thk- second phase, ot1.1ni y in f 1 igh~t testJ
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at Edwards AFB, is demonstrating potential uses for this unique
wing design. However, before we go into the detailed aspects of
the program, it will help the reader to understand the concept by
first looking into the historical background. Later we can t..%
examine future applications of the MAW in the design of fighters, -%'%

transports and bombers.
The F-1il aircraft we used for AFTI was previ.ously flown in

a program called Transonic Aircraft Technology (TACT) from 1973 W,

to 1979. TACT tested a unique wing shape called the supercritical
airfoil which improved cruise performance in hign subsonic flight
and verified the performance advantage of this type of wing in
cruise flight. An ad'anced version of this type airfoil became
one of the many shapes of the Mission Adaptive Wing.

Boeing received the contract for design and fabrication of
the MAW wing in 1979 and had responsibility for integrating the
wing into the pre-production NF-111 test bed and initial system
checkout. They also performed an extensive amount of wind tunnel
tests which were used to predict the wing's performance in
flight. Technical support is currently provided by Boeing for the
wing and General Dynamics for the non-wing airframe and
subsystems. Flight test is a joint NASA/Air Force Flight Test
Center (AFFTC) effort with both organizations sharing the
engineering and piloting responsibilities. The flight test is
also jointly managed by Mr Louis Steers (NASA) and Mr Steve Smith
(AFFTC).

irEST!NG A NEW AIRCRAFT

Simulation played an important role in the engineering
development of th. MAW. Two flight simulators were used; one at
Boeing from 1981 to 1984 and the other at NASA Dryden from 1984
to the present. Flying simulatcrs is definitely not the most
popular part of a program for the pilots but for every hour in
flight we spent many times that in the simulator.

Prior to first flight, our knowledge of how the aircraft
would fly was very limited thus requiring many hours 'in the box''
evaluating controllability. In addition, the simulator was
extremely useful in developing emergency procedures. For example, .
we found under certain flight conditions the aircraft would be
uncontrollable if there were an uncommanded asymmetry between the .,-

].eft arid right wings. This knowledge changed our operating
procedures to avoid this condition. Also, the flight profile for
every test flight is flown fir t on the simulator which allows
the pilots to make maximum use of available flight time.

First flight of the AFTI F-Ill was treated as if we were
flying a new aircraft. While ext-rnally the aircraft looks
somewhat like an F-1ll, the unique wing and internal changes
created many unknowns that required a cautious appro-ch. The
flight profile consisted of little more than takeoff, systems
checks, controllability evaluation, and landing and was flown in
the sinu]atcr many times prior to flight. The day before the
f~rst flight a dress rehearsal was onducted with the control



room operational and a high speed taxi down the runway. Control Ws
room operation is similar to Houston control for space launches
and contains experts in every facet of the aircraft. One
individual is designated NASA 1 and is the only person allowed to
communicate with the aircraft.

The day of first flight is extremely exciting because it's
the culmination of years of work by many people. It Col Frank
Birk (USAF) and Rogers Smith (NASA) manned the aircraft while I
flew chase in a T-38 and Einar Enevoldson (NASA) was NASA 1. The
initial takeoff was made toward the dry lake bed at Edwards in
case of an abort. To the satisfaction of all involved the flight
went flawlessly and began phase one of testing. It's noteworthy
that the first flight also established a new flying specialty.
The project test pilots when flying in the right seat did not
appreciate being referred to as co-pilot or navigator. Wishing to
alleviate the problem, Steve Smith created a new specialty, the
Mission Adaptive Wing Systems Operator or MAWSO. MAWSO thence
forth became the standard reference for the pilot flying the
right seat.

As mentioned earlier, the flight test is divided into two
phases with the objective of the first phase to determine the
operation and basic aerodynamics of Mission Adaptive Wing. This
includes the verification of structural integrity and
controllability. We accomplish this by cautiously expanding the
flight envelope of the aircraft in altitude, airspeed, and load
factor ("'") . Within that envelope actual performance data could a
then be collected. Results indicate the potential exists to meet
or exceed the performance gcal- e3t J sh LUI wind tunnel

data. Comparing TACT and MAW, tht. goals include a 3096 increase in
range, a 20% increase in sustained turn radius, and a 30%
increase in usable buffet free lift (1,97).

Systems evaluations are also conducted to verify proper
operation ard of the MAW and its interface with the aircraft.
Operation with one hydraulic system or one engine out was of
particular conr--rn and a significant amount of ground testing was
required to termine if the wing could operate under these
adverse condiLions. An unplanned test of thi was almost
conducted on the aircraft's third flight and my first flight when
the chase plane noted a massive hydraulic leak from the bottom of
the aircraft. Recovery was made without any problem and the leak
was found to be unrelated to the MAW.

Results of the first phase were very encouraging. The wing's
performance has lived up to expectations. The drag reduction
benefits of the wing were very close to those predicted during
wind tunnel testing. Aircraft handling was excellent (similar to
the production F-1ll) with the exception that approach speeds for
landing were 25 to 30 knots above the standard F-1. Normal %.-
approach speeds could be achieved with the MAW but were not
required to meet the objectives of the research program. v

In phase II, four different modes are being evaluated to
demonstrate potential uses for the Mission Adaptive Wing. Two f
these -nodes have already been flown, cruise camber control (CCC)

4
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and maneuver camber control (MCC) . CCC operates by deflecting
the trailing edge of the wing and sensing speed change. The mode I
will :ontinue deflecting the wing until maximum speed for a given 0
power setting is achieved. MCC operates by continuously
positioning the wing to its optimum shape as a function of Hg:'

and Mach number. Test results for MCC have been excellent. Pilots -6
indicate that they are unaware the mode is operating with the
exception that handling is improved in pitch. Testing of CCC has A
been less successful and further refinement of the mode will be
required.

Two modes are yet to be tested: Maneuver Load Control (MLC),
and Maneuver Enhancement/Gust Alleviation (MEGA) . MLC will

operate by computing bending loads at the wing root and changing
the wing shape to prevent exceeding predetermined limits. MEGA
actually has two functions. First, during cruise flight, it will N

act to reduce the aircraft's susceptibility to gusts and provide
a smoother ride. Secondly, during maneuvering flight, this mode
will d flect the wing and horizontal stabilizer to make the
aircraft more responsive in pitch.

HOW THE WING WORKS

The F-Ill used in the research program is a pre-production
"A" model that was used in the original F-Ill flight test program

" and has never been brought up to the production standard. This
fact produces some int'.resting problems for the maintenance team.
Replacement parts have sometimes been difficult to come by; and..'
Sunique "work-arourid" prucedures had to be devised.

While the aircraft is already nonstandard, modifications
made for the MAW test program make it truly unique. The existing p
wings are replaced with Mission Adaptive Wings and the fuselage
is modified to allow the new wings to sweep aft without
interference. Extensive instrumentation is added to the weapons
bay to monitor every facet of the wing's cperation. Computers for
controlling the wing are housed in the nose.

Clearly the most significant modification to the aircraft
* is the wing itself, it is designed with a completely smooth upper

surface and actuation mechanism housed totally within the wing.
As shown in figure 2, the center portion of the wing (wing box)
is fixed in shape with only the leading and trailing edges
capable of deflection. The wing box was also used in the TACT t•,

program. The leading edge of the wing is a single span surface a
while the trailing edge consists of three panels capable of
independent motion.

Both leading edge and trailing edges move approximately
twenty degrees in their fully deflected positions. The upper
surface of the leading and trailing edge is a composite material
that actually bends to change the wing shape.

Power for actuation of the wing comes from the dual
hydraulic systems found on the standard F-1ll. Each system is
upgraded to increase its capacity and is capable of independently
operating the wing. The eight hydraulic drive units, two for the

5 ;V
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leading edge and six for the trailing edge, are capable of very
fast response and require no mechanism external to the wing.
Designing an entirely internal mechanism was a difficult but riot
insurmountable task for the Boeing and Garrett engineers.

Control of the wing is via dual digital computers with two
analog computers used for back-up. Each digital computer commands
one of the two drive units for each surface. The analog computers
take over if the commands from the digital computers do not agree
or other errors are detected. Without these digital high capacity
computation devices the Mission Adaptive Wing would be nearly
impossible.

Selection of manual and automatic modes is icomplished via
a control panel located between the pilot and the MAWSO (Figure
3) . With the wing operating in manual mode the single leading
edge and three trailing edge sections on each wing can be
independently positioned symmetrically to any desired position.
In addition, through pilot's control stick inputs the midspan and
outboard trailing edge panels move asymmetrically to assist in
roll control. The fleet F-Ill uses spoilers to accomplish the
same function. All automatic modes can be engaged independently
and some modes jointly via the control. panel. For example
Maneuver Camber Control and Maneuver Load Control could be
selected to complement each other.

The control panel also provides coclkpit warning of any MAW-
related malfunctions and the ability to lock in place
symmetrically each set of moveable panels. The gun trigger on the
control stick is modified, in the evcnt of a malfunction, to
position the wing immediately to the wing shape tested during
TACT. This gave us a very quick way of configuring the wing to a
known configuration should something unexpected occur. 0

WHAT CAN THE WING DO %

Current wing designs are a compromise involving many
factors. Some of these include maneuverability, cruise

performance and strength. Wings are optimized for one flight
condition and then modified to obtain satisfactory
characteristics throughout the flight envelope. This compromise
creates a particular problem with fighter aircraft that have a
large altitude and airspeed range and are required to possess
maneuver capability up to high "g" levels. As "g" is increased a
wing designed for level flight cruise becomes less efficient
which limits the sustained "'q capability of the aircraft. The .

farther from design condition the aircraft is maneuvered the
greater the loss in efficiency.

Flaps have been used for many years to allow a wing
optimized for cruise flight to also provide reasonable approach
speeds for landing. The increased drag associated wito these
surfaces and their structural design limits minimized their
usefulness for cruise and maneuvering flight. As strong,
lightweight materials became available, maneuvering flaps were
designed that could be operated throughout a majority of an

7
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aircraft's flight envelope. Improvements in flight control
systems allowed operacion of maneuvering flaps to be automated.
Current generation fighter aircraft use maneuvering flaps to
improve performance during maneuvering flight such as air combat.
For example, the F-18 automatically deflects both it's leading
and trailing edge flaps as the wing reaches high angles of
attack. The great disadvantage of thes.e surfaces is high draa, as
compared to a smooth surface, when they are in operation. ?N`

The Mission Aday ive Wing solves this problem. An F-1i
operatin!.' with Maneuver Camber Contzol described previously would
have its wing continuously changing shape as a function of flight
Condition which would provide the pilot higher sustained 'g"
capability and higher overall energy level. Both of these are
important to aerial combat.

Another example of improved maneuverability that could be
provided by the Mission Adaptive Wing is a concept called 'direct
lift". When a pilot commands a change in pitch the wing deflects
in combination with other control surfaces to produce a change in
flight path. This mode allows the aircraft to be more responsive
to pilot inputs and can increase a fighter's ability to generate
instantaneous "g".

A number of other features inherent in the design of the
Mission Adaptive Wing have the potential to improve fighter,
bomber and transport performance. One of these is the ability to
change the distribution of air loads along a wing ,,hile in V,

flight. For long range missions it is desirable to increase the
ratio of a wing'T length tj its width (cho d) t}ha increasing
it's aspect ratio. The ability to do this is limited by
structural loads at the wing root which increase as a function of
wing length. The stiff, low aspect ratio wings of most fighter
aircraft result from their need to achieve high "g" and the
resulting high wing loads. Even in cruise flight the aspect ratio
of a wing is limited by the need to provide a safety factor for
protection from gusts. A limited solution to this problem i ,
employed by aircraft such as the U-2 in which the pilct can
manually reposition the outboard aileron to reduce the luads at
the wing root. A mission adaptive wing can carry this concept
much fu-ther.

The MAW, with it's digital control system and fast response
time, can continuously compute the 1c-ds at the wing root and
change the camber of the outboard section of the wing as required

to control those loads. For fighters this means wings that have
lower structural weighL or can achieve higher maximum "g". In
transport and bomber designs, the higher aspect ratio wings
allowed by the concept of load control can prod ce improved fuel
consumption and longer range and endurance.

All aircraft, regardless of mission, cruise duZing some
portion of their flight profile. The traditional fixed wing shape
is suitable for aircraft, such as transports, that cruise at a
fixed speed and altitude. Other aircraft, such as strategic
bombers and fighters, which must cruis-: at high altitude as well
as ingress to a target area at low altitude and high speed would

94
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benefit from the Mission Adaptive Wing concept.
The MAW with cruise camber control deflects the trailing

edge of the wing until maximum forward velocity is obtained
regardless of flight condition. This is especially effective for
an aircraft such as the Advanced Tactical Fighter that must
cruise in both the subsonic and supersonic flight regimes. This
concept may also allow aircraft to achieve higiier maximum
altitudes which may be important for reconnaissance applications
(2,--) . Another benefit is the MAW's capability to provide

maximunL performa-ce even when carrying external stores.
The gust alleviation mode is especially important for

aircraft required to cruise at low altitude and high speed. Good
low level ride quality is generally associated with aircraft that
have high wing loading (force per unit area) on the wing, for
example the production F--Ill. The disadvantage of high wing
loading is a large rate of energy loss when the wing is subject
to -g'. The Mission Adaptive Wing Can achieve the same ride
quality with lower wing loading.

SO, WHAT'S THE CATCH

The first thought most everyone has is that the MAW must be
heawier, more complex and more costly to maintain than existing
wing-flap designs. This is not true. Mr Ron DeCamp, AFFDL program
manager for the AFTI F--Ill, provides excellent answers to these
common misconceptions. Using the F-Ill as an example, Mr DeCamp
states that replacing the existing complex arrangement of slats
and flaps oith a Production vez-:Ion of the MIAW would actually
save approximately 600 pounds. Also, maintenance costs may
actually be reduced. Current aircraft with slots, slats and flaps
have crevices that collect dirt, ice. snow, etc. which, in turn,
can jam the sliding tracks and hinges. The MAW mechanisms, on the
other hand, are completely sealed which Boeing estimates may
reduce maintenance requirements by as much as 3596. As to
complexity, the MAW is no more complex than the maneuvering flap
designs found on cur ent generation fighters. Another
misconception is that the MAW mechanisms extend into the wing
fuel cavity thus reducing aircraft fuel capacity. Not true! All
mechanisms of the MAW leading and trailing edges are confined to
areas formerly occupied by high lift devices.

This section would not be complete without ad -essing the
higher approach speeds used on the AFTI F-!I1 research vehicle.
These speeds were dictated by the production F-1ll design which
limits the landing angle of attack to prevent the tail from
contacting the runway. Designers could use one of two approaches -.

on future aircraft to p-ovide satisfactory speeds for landing.
The most desirable approach is to design the :;ircraft to land at
a higher angle of attack taking advantage of the higher stall
angle of attack available with the Mission Adaptive Wing. The
second approach is to add existing high lift devices to the MAW. 4

This alternative is less desirable due to the added weight and
complexity.
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In short, "the catch'' is that designers must be ready to
develop a new airfoil shape fo:- each of the many flight
conditions future aircraft must encounter. This will make for a
more complex design process, one In which all disciplines
(structures, flight controls, aerodynamics, etc.) must work more -.
closely together.

As I have discussed in the preceding para:raphs, the AFTI F-
111 research program to date has been quite successful. The first
phase of testing, completed in Nuvember 1986, proved the Mission
Adaptive Wing functional capability and aerodynamic potential.
The current phase of testing, slated for completion in 19P8, is
evaluating the automatic modes and the ability to ma.itainr
aerodynamic efficiency and operational flexibility without adding
to pilot workload or interfere with other pilot tasks.

Future applications of the MAW include improved aircraft
maneuverability, control of load iistribution on the wing, better
ride qualitiez and improved cruise performance. This equates to
enhanced range and payload for bombers and increased "g"
capability and reduced energy loss during rraneuvering for
fighters.

The AFTI F-1ll test program is just the first step in
proving the concept of the Mission Adaptive Wing. While there are
unquestioned performance benefits they will have to be weighed
against the wing's added design complexity. As with any new idea
it must be integrated in light of real world constraints. While
much work is yet to be done the AFTI F-ill is a giant first step. 48
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